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Charged-to-alanine substitutions and deletions within the yellow fever virus NS2B–NS3181 protease were analyzed for
effects on protease function. During cell-free translation of NS2B–3181 polyproteins, mutations at three charge clusters
markedly impaired cis cleavage activity: a single N-terminal cluster in the conserved domain of NS2B (residues ELKK52–55) and
two in NS3 (ED21–22, and residue H47). These mutations inhibited other protease-dependent cleavages of a transiently
expressed nonstructural polyprotein, although differential effects occurred. NS2B and NS3181 proteins harboring these
mutations were impaired in their ability to associate for trans cleavage activity. N-terminal deletions in NS3 also implicated
residues ED21–22 in the association with NS2B. Deletions within NS2B revealed that the conserved domain alone provided
minimal cofactor activity, with optimal function requiring both flanking hydrophobic regions. NS2B–3181- and NS3181–green
fluorescent protein fusion proteins were used to determine the intracellular distribution of the protease complex. The former
localized in membrane-based vesicular structures, whereas the latter localized poorly. The data suggest that NS2B–NS3
complex formation requires charge interactions involving the N-terminus of the conserved domain of NS2B and 22 N-terminal
residues of NS3. A role for the putative transmembrane regions of NS2B in targeting of NS3 to intracellular membranes is
also suggested. © 2000 Academic Press
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Viruses within the flavivirus genus of the family Flavi-
viridae encode a serine protease activity in the amino-
terminal domain of the large nonstructural protein NS3
(Bazan and Fletterick, 1989; Gorbalenya et al., 1989). The
protease is evolutionarily related to the trypsin family of
cellular serine proteases and exhibits cleavage prefer-
ence for substrates containing basic amino acids. Re-
cently the crystal structure of the NS3 protease of den-
gue-2 virus has been determined, confirming its overall
similarity to the trypsin-like proteases and to the NS3
protease of hepatitis C virus in particular (Murthy et al.,
1999). Numerous studies have shown that the flavivirus
NS3 protease is involved in processing of the viral
polyprotein (Amberg et al., 1994; Cahour et al., 1992;
Chambers et al., 1991; Falgout et al., 1991; Lobigs, 1992,
993; Preugschat et al., 1990; Preugschat and Strauss,
991; Yamshchikov and Compans, 1994, 1995; Wengler et
l., 1991; Zhang et al., 1992). For yellow fever virus (YF), it
ediates cleavages at a consensus amino acid se-
uence (GARR2 S/G [Chambers et al., 1990b, 1995; Lin
t al., 1993b]) and also at certain alternative cleavage
ites containing a single basic residue (QR2 S [4A/2K],
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (314) 773-3403. E-mail: chambetj@slu.edu.
335in et al., 1993a; and QK 2 T [2Aa], Nestorowicz et al.,
1994). For YF, these protease-dependent cleavages in-
clude the anchored C/virion C, 2Aa, 2A/2B, 2B/3, 3/4A,
A/2K, and 4B/5 cleavage sites. Based on mutagenesis
f the residues of the putative catalytic triad (H53, D77,
S138), it has been shown that cleavage activity is neces-
ary for proper processing of the viral polyprotein and for
fficient viral replication to occur (Chambers et al.,
990b; Wengler et al., 1991). Activation of NS3 for cleav-
ge at consensus sites also requires the small nonstruc-
ural protein NS2B (Chambers et al., 1993; Falgout et al.,
993), which forms a stable complex with the protease
omain (Chambers et al., 1993; Arias et al., 1993). Muta-
tions which abolish formation of this complex, or at least
interaction of NS2B with NS3, impair polyprotein pro-
cessing and are also deleterious for viral replication
(Chambers et al., 1993). Evidence exists that a central
domain within NS2B, consisting of 40 predominantly
charged amino acids and conserved among flaviviruses,
is the region which mediates complex formation with
NS3 (Chambers et al., 1993; Falgout et al., 1993). How-
ever, the corresponding region within NS3 which is in-
volved in the association of the two proteins is not
known. For the HCV NS3 protease, which is activated by
the downstream NS4A protein (Bartenschlager et al.,
1995; Failla et al., 1994; Lin et al., 1995; Tanji et al., 1995;
Koch et al., 1996), the cofactor activity resides in a 12-
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336 DROLL, MURTHY, AND CHAMBERSamino-acid central region enriched in hydrophobic
amino acids (Lin et al., 1995; Butkiewicz et al., 1996).
Homology modeling of the dengue-2 NS3 protease,
based on the HCV structure, has been used to predict
that a similar peptide sequence located within the con-
served domain of the flavivirus NS2B protein may inter-
act with NS3 (Brinkworth et al., 1999). Understanding the
molecular interactions by which NS3 proteases interact
with their cofactors is a question of broad relevance to
flaviviruses (reviewed in Ryan et al., 1998) and may fa-
ilitate the development of cofactor inhibitors as poten-
ial antiviral agents. In order to gain further insight into
his area, we tested the effects of charged-to-alanine
utations within the NS2B–NS3181 polyprotein on activa-
ion of cleavage activity in cis and trans cleavage assays.
his approach has been useful for identifying critical
mino acids which are responsible for protein–protein
nteractions in a variety of biological systems (Gibbs and
oller, 1991) and has proven useful for studying func-
ional activities of specific nonstructural proteins of sev-
ral viruses (Diamond and Kirkegaard, 1994; Muylaert et
l., 1997; Hassett et al., 1997). In addition, deletion mu-
tagenesis of the amino terminus of NS3, and also of the
hydrophobic regions in NS2B, was used to investigate
the role of these regions during activation of the pro-
tease.
RESULTS
Construction of charged-to-alanine mutations
The mutations engineered into the NS2B–NS3181 pro-
tease in this study are shown in Fig. 1A. A total of 49
mutations were derived which target individual charged
residues or charge clusters spanning regions of no more
than four amino acids. The charged residues of the
serine protease catalytic triad (H53, D77, S138) and the two
arginine residues at the 2B/3 cleavage site (P1 and P2)
were not included in this study because the effects of
such mutations on cleavage activity have been previ-
ously reported (Chambers et al., 1990b, 1995).
Effects of charge substitutions on cleavage activity of
NS2B–3181 polyproteins
Cell-free translation of RNA transcribed from the pa-
rental pET/BS–NS2B–3181 plasmid template produces a
olyprotein which undergoes almost complete site-spe-
ific cleavage at the 2B/3 cleavage site in the absence of
icrosomal membranes, and this assay has been previ-
usly used for monitoring cleavage efficiency among
arious protease mutants (Chambers et al., 1990b, 1993,
1995). In the present study, quantitative comparison of
cleavage efficiency for the entire panel of charged-to-
alanine mutants relative to the parental polyprotein is
shown in Table 1. Most charged-to-alanine substitutions
in NS2B had a minor effect on cleavage efficiency. Gen-erally, efficiencies $91% were observed, similar to the
level exhibited by the parental NS2B–3181 protease,
hich in various experiments ranged from 93.6 to 98.4%.
igure 2 shows the effects of mutations in the conserved
omain of NS2B on cleavage of the NS2B–3181 polypro-
ein. Differences were observed in the migration of the
S2B proteins which harbored mutations, compared to
hat of the parental NS2B. The substitution of positively
harged and negatively charged residues with alanine
ed to decreased or increased mobility, respectively.
one of the mutant NS2B proteins appeared unstable in
he cell-free translation assay or appeared to have de-
reased reactivity with NS2B-specific antisera. In the
nitial screening experiments, only mutations 2.4 and 2.5
aused significant inhibition of cleavage activity (efficien-
ies were 65.5 and 80% of wild-type, respectively). These
utations target a charge cluster at the amino terminus
f the conserved domain (ELKK, NS2B residues 52 to 55),
ithin which the K residues are highly conserved among
lavivirus NS2B proteins. To determine which individual
esidues within the cluster ELKK52–55 affect cleavage ac-
tivity, all substitutions within this cluster were tested (see
legend to Fig. 1). Single substitutions (mutants 2.41 and
2.42) reduced cleavage to 68.5 and 65.4% of normal,
respectively. Double substitutions (mutant 2.43 and 2.44)
reduced cleavage to 23.6 and 18.9%, respectively, and
the triple substitution (mutant 2.45) reduced cleavage to
4.6%. Thus, all of the charged residues within the
ELKK52–55 cluster affect cleavage efficiency in this partic-
lar assay.
A similar analysis of charged-to-alanine substitutions
n NS3 revealed a range of effects on cleavage efficiency
f the NS2B–NS3181 polyprotein (Table 1). Although most
mutations caused only minor effects, some (3.1, 3.4, 3.9,
3.12, and 3.20) caused a moderate reduction of cleavage
efficiency to between 86 and 90% of the normal level.
Effects of the charge neutralization on the migration of
the NS3181 cleavage product in SDS–polyacrylamide gels
PAGE) were similar to those observed with the NS2B
utants, and none of the mutant NS3 proteins appeared
nstable. Two charge clusters within the amino terminus
f NS3 were very sensitive to substitution with alanine.
utation 3.6, involving residues 21 and 22 (ED21–22), re-
duced cleavage to 0.4%, and mutation 3.8, involving res-
idue H47, reduced cleavage to 6.2%. Figure 3 illustrates
effects of mutations in the N-terminal region of NS3. To
determine whether both residues within the ED21–22 clus-
ter contribute to cleavage efficiency, single substitutions
were tested. Mutants 3.61 (residue E21 3 A) and 3.62
(D22 3 A) reduced cleavage to 70 and 18.7% of the
arental level, respectively. Thus both residues affect
leavage, with the effect of residue D22 being dominant.
In summary, the initial screening of mutations by the
cell-free cleavage assay yielded three charge clusters
(ELKK52–55 in NS2B and ED21–22 and H47 in NS3) where
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337YELLOW FEVER VIRUS PROTEASE MUTAGENESISsubstitutions with alanine inhibited the protease for 2B/3
cleavage.
Effects of mutations on processing at other
nonstructural cleavage sites
To determine whether substitutions at the three
FIG. 1. A: Primary structure of the NS2B–3181 protease and the am
ubstituted within each mutant are shown by solid lines below the seq
riple line means three residues were substituted. Open sections of the
elow the lines. Conserved residues of NS2B are shown in the long
ndicate residues of the catalytic triad (H53, D77, and S138). A series of ad
engineered. The residues targeted by these mutations include 2.41 5 E5
of deletion mutants in NS2B. At the top is the parental NS2B protein.
Deletion of the N-terminal region (CD-TM2) is at the bottom. Deletion o
myc box indicates the c-myc epitope (and polyhistidine tag) engineered
S2B proteins by immunoprecipitation. C: Deletions engineered within
ites for mutants lacking 2, 6, 11, 14, 17, 20, or 22 residues, respectively
S3 protein and mutant 11 also contain an alanine residue followingcharge clusters affect protease activity in general or only clocally at the 2B/3 cleavage site, transient cellular ex-
pression of sig2A–5356 polyproteins was used to analyze
rotease-dependent processing at other nonstructural
leavage sites. In this assay, T7 RNA polymerase pro-
ided by a recombinant vaccinia virus (VTF7-3) drives
xpression of polyproteins from plasmids delivered to
id residues targeted for charged-to-alanine mutagenesis. Residues
Single line means one residue, double line means two residues, and
dicate nonsubstituted residues. The number of the mutant is indicated
ox. Conserved residues in NS3 are shown in small boxes. Asterisks
l mutations at the 2.4 and 2.5 clusters (mutants 2.41 to 2.45) was also
K54; 2.43 5 E52, K55; 2.44 5 K54, K55; and 2.45 5 E52, K54, K55. B: Diagram
on of the C-terminal region (TM1-CD) is shown second from the top.
- and C-terminal regions (CD) is shown second from the bottom. The
nd of the protease reading frame to facilitate identification of truncated
rminal region of the NS3 protease domain. Arrowheads mark the start
tants contain an extra methionine at the amino terminus. The parental
iating methionine.ino ac
uence.
bars in
open b
ditiona
2; 2.42 5
Deleti
f both N
at the e
the N-te
. All muells by DNA transfection. The pattern of cleavage prod-
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338 DROLL, MURTHY, AND CHAMBERSucts generated from the sig2A–5356 polyprotein is be-
lieved to resemble nonstructural protein processing in
virus-infected cells (Chambers et al., 1991). The effects of
mutations 2.4, 2.5, 2.45, 3.6, 3.61, 3.62, and 3.8 were
tested in this assay. Expression of the parental polypro-
tein yielded several proteins (NS2A–2B, p18, NS2B, NS3–
4A, NS3, and NS4B, which result from processing at the
2A/2B, 2B/3, 3/4A, 4A/2K, 2K/4B, and 4B/5 cleavage sites
(Chambers et al., 1990b; Lin et al., 1993a; Nestorowicz et
al., 1994). The p18 protein results from processing at an
alternative cleavage site within NS2A (Nestorowicz et al.,
1994). The 2K cleavage product was not detected; how-
ever, appearance of NS4B is regarded as evidence of 2K
cleavage, which is required prior to the signalase cleav-
age responsible for generating the amino terminus of
NS4B (Lin et al., 1993a). NS5 cleavage products are not
analyzed in the assay, because the truncated cleavage
product (NS5356) reacts poorly with NS5-specific antisera
(Chambers et al., 1991).
TABLE 1
Quantitation of Cleavage Efficiency of NS2B–3181 Polyproteins
Mutant % Cleavage Mutant % Cleavage
WT 96–98.4
2.1 96.8 3.1 86.3
2.2 96.7 3.2 90
2.3 91.6 3.3 99.5
2.4 65.5 3.4 87.3
2.41 68.5 3.5 97.9
2.42 65.4 3.6 0.4
2.43 23.6 3.61 70
2.44 18.9 3.62 18.7
2.45 4.6 3.7 92.6
2.5 80 3.8 6.2
2.6 99.8 3.9 87.8
2.7 97.3 3.10 97.8
2.8 93.3 3.11 91.8
2.9 98.3 3.12 87.9
2.10 95.6 3.13 95.5
2.11 95.7 3.14 96
2.12 98.9 3.15 91.7
2.13 97 3.16 98.7
2.14 98.2 3.17 98.6
2.15 98.1 3.18 96.3
2.16 94.4 3.19 98.4
2.17 95 3.20 89
2.18 94.8 3.21 97.2
3.22 96.7
3.23 97.8
3.24 99.2
3.25 98.2
Note. The nomenclature of mutants is as indicated in Fig. 1A. Per-
entage cleavage was determined by measuring the ratio of radioac-
ivity in cleavage products to that of products plus the precursor using
hosphorimager-generated data. WT refers to the parental polyprotein.
he range for WT refers to values for the different experiments shown
n Figs. 2 and 3.Using the transient expression assay, differenceswere observed among the three groups of charge cluster
mutations in their effects on the specific cleavage
events. Figure 4A (left) shows that the 2.4 and 2.5 muta-
tions moderately decreased the levels of NS2B and p18
cleavage products, whereas the 2.45 mutation abolished
their production. Mutations 3.61 and 3.62 caused no
significant difference in the levels of NS2A–2B, p18, and
NS2B compared to the parent protease, whereas muta-
tion 3.6 abolished production of NS2B and p18 (Fig. 4A,
middle). Mutation 3.8 produced NS2A–2B, but the level of
mature NS2B was very low, and in some experiments
NS2B-specific degradation products were observed (Fig.
4A, right), suggesting that aberrant cleavage of the
NS2A–2B polyprotein had occurred. Figure 4B (left)
shows that the 2.4 and 2.5 mutations did not affect
production of NS3 or NS3/4A, whereas the 2.45 mutation
moderately reduced the level of NS3. Mutations 3.61 and
3.62 caused no apparent reduction in the levels of
NS3/4A and NS3 but mutation 3.6 abolished their pro-
duction (middle). Mutation 3.8 also abolished production
of NS3–4A and NS3 (right). Figure 4C (left) shows that the
2.4 and 2.5 mutations did not affect production of NS4B,
whereas the 2.45 mutation mildly reduced its level. Mu-
tations 3.61 and 3.62 caused no apparent reduction in
the levels of NS4B, whereas mutation 3.6 allowed only a
small amount of NS4B to be produced (middle). Mutation
3.8 produced only trace amounts of NS4B (right). High-
FIG. 2. Effects of mutations in NS2B on cleavage activity of NS2B–3181
polyproteins. Cell-free translation of T7 RNA transcripts was done as
described under Materials and Methods. NS2B and NS3 cleavage
products were immunoprecipitated with a mixture of antisera specific
to these two proteins and the proteins were analyzed by electrophore-
sis on 13% SDS–polyacrylamide gels, followed by fluorography. (Top)
Mutations in the conserved domain of NS2B. (Bottom) Additional mu-
tants targeting the residues of the ELKK52–55 cluster (mutants 2.41 to
2.45).
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339YELLOW FEVER VIRUS PROTEASE MUTAGENESISmolecular-weight polyproteins were observed during
processing of all the mutant polyproteins and were more
abundant with mutations which reduced the levels of the
mature cleavage products. In summary, mutations in the
ELKK52–55 cluster affected cleavage within the NS2 region
(2A/2B and 2B/3 cleavage sites) more than at other sites.
The ED21–22 mutant 3.6, but neither 3.61 nor 3.62, caused
similar but more severe pattern of cleavage inhibition
t these sites. The 3.8 mutant inhibited all cleavage
vents detectable in this assay to a moderate or severe
evel, except for the 2B/3 cleavage.
rans cleavage activity of NS2B and NS3 mutants
It has previously been shown that the YF NS2B and
S3 proteins can associate to form a stable complex
hen coexpressed as separate proteins and that this
omplex exhibits trans cleavage activity toward sub-
trates containing protease-dependent cleavage sites
Chambers et al., 1991). To determine whether mutations
in the three charge clusters affected this property of the
protease complex, NS2B and NS3 proteins harboring
these mutations were tested in various combinations in
this assay. The substrate was a truncated polyprotein
FIG. 3. Effects of mutations in the amino terminus of NS3 on cleav-
age activity of NS2B–3181 polyproteins. Experiments were conducted as
described in Fig. 2. (Top) Mutations 3.1 through 3.8. (Bottom) Individual
mutations in the 3.6 cluster. Mutation 3.61 targeted residue E21; Muta-
ion 3.62 targeted residue D22.(NS3540–NS5356), which yields NS4B after cleavage at the 54A/2K and 4B/5 sites (Chambers et al., 1991; Lin et al.,
1993a). Figure 5 (left) shows the trans cleavage activity
enerated by NS2B proteins containing mutations in the
LKK52–55 cluster in the presence of the parental NS3181
protease. Cleavage was reduced to a moderate degree
by mutants 2.4 and 2.5 and to a severe degree by muta-
tion 2.45, compared to that observed with the parental
NS2B protein. Figure 5 (right) shows the effects of NS3181
proteins containing mutations in cluster ED21–22 on trans
cleavage activity in combination with the parental NS2B
protein. Cleavage was reduced to a moderate degree by
mutations 3.61 and 3.62 and to a severe degree by
mutations 3.6 and 3.8. Intermediate NS4B-specific cleav-
age products were often observed in these experiments,
as shown by the higher molecular weight bands present
above NS4B. Presumably, these correspond to partially
processed NS4A–NS4B and NS4B–NS5356 proteins.
Combining both mutant NS2B proteins and mutant
NS3181 proteins caused more severe defects on cleavage
in this assay. Coexpression of NS2B mutants 2.4, 2.4, or
2.45 with NS3 mutants 3.6, 3.61, or 3.62 reduced cleavage
to barely detectable levels (data not shown). Similar
patterns of inhibitory effects were observed when the
mutations in the two charge clusters were combined
within cis-cleaving NS2B–3181 polyproteins and examined
or cleavage at the 2B/3 site (data not shown). Thus, the
nhibitory effects of charge cluster mutations on trans
leavage mediated by association of NS2B and NS3181
paralleled those seen in the cell-free NS2B–3181 cis
leavage assay. Overall, these results are consistent
ith a role of both the ELKK52–55 and the ED21–22 clusters
n the association of NS2B with NS3, since they inde-
endently reduced cofactor function of the NS2B protein.
eletion analysis of the NS2B protein
Previous studies have shown that mutations within the
onserved domain of NS2B can abolish its cofactor ac-
ivity for the NS3 protease, whereas mutations in the
lanking hydrophobic regions have minor effects on this
unction (Chambers et al., 1993; Falgout et al., 1993). To
urther characterize the structural requirements for co-
actor function, deletion mutants lacking either one or
oth hydrophobic regions of NS2B were tested. Figure
B illustrates the structure of these mutants. The mutant
roteins were analyzed by cell-free translation and im-
unoprecipitation to confirm their integrity (data not
hown). Apparent molecular weights of the CD and
M1–CD mutants were slightly larger than predicted,
resumably due to a slower mobility conferred by the
resence of the c-myc and polyhistidine epitopes engi-
eered on these proteins. Figure 6 (right) shows the
ffects of the NS2B deletion mutants on activation of NS3
or cleavage at the 4B/5 site. In this particular experi-
ent, the protease domain was provided by a NS3–4–356 polyprotein (Chambers et al., 1991) and cleavage
i
p
N
Y itated
340 DROLL, MURTHY, AND CHAMBERSactivity monitored by appearance of the NS4B protein.
Similar results were obtained when the experimental
system described in Fig. 5 was used (data not shown).
The NS2B mutants were significantly impaired relative to
the parental NS2B protein in this assay, with cleavage
activity generated by the CD mutant present at only very
FIG. 4. Effects of mutations in the NS2B and NS3 proteins on cleava
infected with VTF7-3, transfected with plasmid DNAs, and labeled with
mmunoprecipitated with YF-specific antisera and samples were run on
roducts of the polyproteins harboring mutations at the ELKK52–55 c
S3-specific cleavage products of these same polyproteins; (C) NS4B-
F indicates labeled viral protein from YF-infected cells, immunopreciplow levels. The impairment was not due to failure ofexpression or instability of the mutant NS2B proteins, as
these were detectable by immunoprecipitation with an-
tiserum to c-myc and/or NS2B (data not shown). In ad-
ditional experiments, NS2B mutants lacking the engi-
neered c-myc and polyhistidine tails were tested and
found to exhibit similar results, making it unlikely that
vity of transiently expressed sig2A–5356 polyproteins. SW-13 cells were
thionine as described under Materials and Methods. YF proteins were
r NS3 or NS4B) or 13% (for NS2B) SDS gels. (A) NS2B-specific cleavage
(left), ED21–21 cluster (middle), or H47 cluster (right), respectively. (B)
cleavage products. M indicates mock-transfected cells (VTF7-3 only).
with NS2B, NS3, or NS4B for each panel.ge acti
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341YELLOW FEVER VIRUS PROTEASE MUTAGENESIS(data not shown). Thus, the presence of both transmem-
brane domains, in addition to the conserved domain, is
required for NS2B to provide optimal cofactor activity for
the NS3 protease during transient cellular expression of
nonstructural polyproteins.
Deletion analysis of the amino terminal region of NS3
Because the cis and trans cleavage assays implicated
he 3.6 cluster as a site which affects the interaction of
S3 and NS2B during formation of an active complex, a
eries of N-terminal deletions in NS3 was tested to
urther determine whether this cluster or adjacent N-
erminal residues was required for trans cleavage activ-
ty. The structures of the deletion mutants are shown in
ig. 1C. Analysis of these mutant proteins by cell-free
ranslation revealed apparent molecular weights consis-
ent with the engineered truncations, and these proteins
id not appear unstable (data not shown). Deletion of 2,
, or 11 residues from the amino terminus of NS3 did not
FIG. 5. Effects of charge substitutions on the interaction of NS2B and
into the NS2B protein and tested for the ability to activate the parenta
roduce NS4B. (Right) The mutations 3.6, 3.61, 3.62, or 3.8 engineered
cleavage activity. Procedures were as described in Fig. 3. WT (wild-ty
FIG. 6. Effects of deletions in NS2B and NS3 on trans cleavage activ
arental NS2B [WT]) for processing of the NS3–5356 polyprotein (Cham
B. (Left) The effects of deletions in the N-terminus of NS3 on the a
polyprotein. Numbers (del-14, del-17, del-20, and del-22) refer to the nu
lane labeled (2) indicates the NS3–5356 polyprotein expressed without NS2B.ecrease efficiency of trans cleavage in the presence of
he parental NS2B protein (data not shown). Effects of
utants lacking 14, 17, 20, or 22 N-terminal residues on
he production of the NS4B protein by trans cleavage are
hown in Fig. 6 (left). Although minimal decreases in
leavage activity occurred with deletion of 14 and 17
esidues, removal of 20 residues (including cluster 3.5
EH18–19]) caused a moderate reduction, and deletion of
2 residues (including the ED21–22 cluster) abolished the
residual activity. Thus, the integrity of both clusters
ED18–19 and ED21–22, but not the amino terminal 17 resi-
dues of NS3, is required for the majority of its activation
by NS2B.
Expression and localization of green fluorescent
protein (GFP)-expressing proteases
Because deletions of the hydrophobic regions of NS2B
caused a significant loss of cofactor function in trans-
fected cells, this suggested that these regions may be
trans cleavage activity. (Left) The mutations 2.4, 2.5, or 2.45 engineered
81 protease domain for trans cleavage of the NS3540–5356 substrate to
e NS3181 protein and tested for activation by parental NS2B for trans
icates expression of the parental NS2B and NS3181 proteins.
ht) The activation of the NS3181 protease domain by NS2B mutants (or
al., 1991). Nomenclature of the NS2B mutants is as described in Fig.
n of protease activity by NS2B for trans cleavage of the NS3540–5356
f N-terminal residues removed from NS3, as indicated in Fig. 1C. TheNS3 for
l NS31
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342 DROLL, MURTHY, AND CHAMBERSrequired for proper assembly of the protease complex in
association with intracellular membranes. To gain further
insight into this question, we tested the effects of NS2B
on the intracellular localization of the NS3 protease do-
main in the context of GFP-expressing proteases. In the
parental construct (NS2B–3181–GFP), GFP was engi-
neered immediately downstream of the protease do-
main. This protease retained functional activity, as
shown by analysis of its cis and trans cleavage proper-
ties. Figure 7 shows that the cis cleavage of the NS2B–
3181–GFP polyprotein into the NS2B and NS3–GFP cleav-
age products was efficient and only slightly less than that
of the parental NS2B–3181 protease. Figure 7 also shows
hat the GFP-containing protease processed the non-
tructural polyprotein NS3540–5356 in trans to produce
S4B with an efficiency very similar to that of the paren-
al protease. Based on the fact that the NS2B–3181–GFP
rotease appeared to have authentic cleavage activity,
e then examined the intracellular distribution of the
FP proteases in transiently transfected SW-13 cells.
xpression of the NS2B–3181–GFP protease produced
brightly fluorescent cytoplasmic vesicular structures,
with relatively little diffuse fluorescence (Figs. 8B and
8E). This pattern required several hours posttransfection
to form, with only diffuse cytoplasmic fluorescence ob-
served early after transfection (data not shown). In con-
trast to this result, expression of the NS3181–GFP gener-
ated predominantly a diffuse pattern of cytoplasmic flu-
orescence and only a few small vesicular structures
were observed (Fig. 8C). In some experiments very few
FIG. 7. Cleavage activity of the NS2B–3181–GFP protease. WT refers to
he parental NS2B–3181 protease (containing a C-terminal c-myc/his
tag), with the cleavage products identified by immunoprecipitation. (2,
3, and myc indicate antisera to NS2B, NS3, and c-myc, respectively).
FP refers to the NS2B–3181–GFP protease. Cis indicates cis cleavage
f the proteases into their NS2B and NS3 or NS3181–GFP cleavage
products. Trans indicates cleavage activity toward the NS3540–5356
polyprotein, which is processed to produce NS4B (arrow). Asterisks
mark the NS3181–myc/his cleavage product which migrates with a
similar mobility as NS4B due to the addition of the c-myc/his epitopes.
M indicates mock-transfected cells.or no vesicles were seen. To characterize the nature ofthe vesicular structures generated by the NS2B–3181–
FP protease, cells were labeled with various organelle-
pecific fluorescent dyes. Staining of mock-transfected
ells with rhodamine-6-G, a dye commonly used to visu-
lize endoplasmic reticulum (Terasaki et al., 1984), pro-
uced a reticular pattern of fluorescence typical of this
rganelle (Fig. 8D). Double imaging of cells expressing
he NS2B–3181–GFP protease revealed that some of the
NS2B–3181–GFP-induced vesicles accumulated rhoda-
mine-6-G (Figs. 8E and 8F). In contrast, no colocalization
was observed with either neutral red or rhodamine 123
(dyes commonly used for visualizing lysosomes and mi-
tochondria, respectively [Terasaki et al., 1984; Allison and
Young, 1969], data not shown). These results suggested
that the vesicles associated with the NS2B–3181–GFP
protease are derived from endoplasmic reticulum, but
not lysosomes or mitochondria. To investigate the rela-
tionship of the vesicles to Golgi-derived membranes,
cells were treated with brefeldin A immediately after
transfection; however, no difference in the pattern or
extent of vesicle formation was observed for either
NS2B–3181–GFP or NS3181–GFP proteases (data not
shown). In further experiments, an NS2B–3181–GFP
olyprotein containing the 3.8 mutation exhibited a fluo-
escence pattern similar to that of NS2B–3181–GFP (data
ot shown), suggesting that cleavage activity of the pro-
ease is not required for formation of the vesicles. Finally,
oexpression of NS2B and NS3181–GFP failed to induce
vesicular structures to the extent seen with NS2B–3181–
GFP, but these proteins also did not generate efficient
trans cleavage activity (data not shown). Presumably, the
association of NS2B with NS3181–GFP to form a func-
ional protease is impaired in this case. In summary,
S2B could efficiently localize the NS3 protease domain
o ER-derived membrane structures in the context of an
S2B–3181–GFP polyprotein, and cleavage activity was
ot a requirement for this process to occur.
DISCUSSION
All cleavages of the flavivirus polyprotein that are me-
iated by the NS3 protease are believed to require co-
actor activity of the NS2B protein (Amberg et al., 1994;
ahour et al., 1992; Chambers et al., 1991; Falgout et al.,
991; Yamschikov and Compans, 1995). In previous stud-
es, it has been demonstrated that a central region within
S2B, enriched in charged amino acid residues and
onserved among the flaviviruses, is involved in forma-
ion and function of the NS2B–NS3 protease complex. In
articular, residues 3 to 5 of this conserved region (cor-
esponding to the charge cluster ELKK52–55) are required
for the interaction (Chambers et al., 1993). It was pro-
posed that amino acid residues within the conserved
region interact directly with the NS3 protease (Chambers
et al., 1993; Falgout et al., 1993); however, the function
provided by the cofactor is not known, and the region
Nf FP pro
343YELLOW FEVER VIRUS PROTEASE MUTAGENESISwithin NS3 which participates in complex formation has
not been determined. In the case of the hepatitis C virus,
it is well established that the NS4A cofactor associates
with NS3 through multiple hydrophobic contacts pro-
vided by adjacent beta strands within the amino terminus
of NS3 (Failla et al., 1995; Satoh et al., 1995; Love et al.,
1996; Kim et al., 1996; Yan et al., 1998). It has also been
predicted from homology modeling of the dengue-2 pro-
tease that a hydrophobic region within the conserved
domain of NS2B (residues 70–81) serves as a similar
peptide cofactor for NS3 (Brinkworth et al., 1999). To
account for the known importance of the ELKK52–55 clus-
ter, the authors of this paper suggested that charge
interactions between NS2B and NS3 may be responsible
for presenting the peptide cofactor to the protease. Over-
FIG. 8. Immunofluorescence of GFP-expressing proteases. SW-13
S3181–GFP and viewed by fluorescence microscopy between 6 and
mock-transfected cells. B and C indicate cells expressing NS2B 2 3181
33258 and double imaged with a DAPI/FITC fluorescence filter. D indica
cells expressing NS2B–3181–GFP, not stained or stained with rhodamine
luorescence. No red fluorescence was observed for the NS2B–3181–Gall, our current data are consistent with this hypothesis.In particular, by using alanine scanning rather than de-
letion mutagenesis (Chambers et al., 1993) to demon-
strate the importance of the ELKK52–55 cluster, we have
lessened the likelihood of deleterious effects on protein
conformation which might impair the association of the
putative cofactor with NS3, a criticism raised in the
dengue-2 study (Brinkworth et al., 1999).
Substitutions of individual charged residues within the
ELKK52–55 and ED21–22 clusters independently impaired
both cis cleavage of the NS2B–3181 polyprotein and trans
cleavage activity mediated by coexpressed NS2B and
NS3181 proteins. These results suggest that multiple
charge interactions are involved in the functional activity
of these clusters and that such interactions do not
merely govern cis cleavage at the 2B/3 site, but also
ere mock-transfected or transfected with either NS2B–3181–GFP or
ttransfection. Images were taken at 4003 magnification. A indicates
or NS3181 2 GFP, respectively. A, B, and C were stained with Hoechst
ck-transfected cells stained with rhodamine-6-G only. E and F indicate
spectively. D and F were imaged for red fluorescence and E for green
tease in the absence of rhodamine-6-G (E).cells w
8 h pos
2 GFP
tes mo
-6-G, reevents which follow this initial cleavage. Although these
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344 DROLL, MURTHY, AND CHAMBERSresidues are clearly important determinants of complex
formation, additional charged and uncharged residues
within the conserved domain of NS2B may also contrib-
ute. For instance, Falgout has observed, using random
mutagenesis of the conserved domain of the dengue-2
protease, that substitutions at multiple residues led to
impairment of cleavage at the 2B/3 site (B. Falgout,
personal communication). It is not known, however,
whether such effects occur in the context of trans asso-
ciation of NS2B with NS3.
Although the conserved domain of NS2B was previ-
ously suggested as a potential site of interaction be-
tween NS2B and NS3, our data now implicate the ED21–21
cluster within NS3 as an additional determinant of co-
factor-induced activation. However, the deletion experi-
ments on the amino terminus of NS3 (Fig. 6) indicate that
activation also depends on the integrity of the EH18–19
cluster. Furthermore, mild impairment of cleavage activ-
ity was observed with mutants 3.1, 3.2, and 3.4 (Table 1).
Taken together, these data suggest that the amino ter-
minus of NS3 may require multiple local charge interac-
tions to maintain its proper conformation, either before or
after activation by NS2B. For the dengue-2 protease, this
region is an ordered structure in the absence of NS2B
(Murthy et al., 1999). Residues ED21–22 are conserved
between the NS3 proteins of yellow fever and dengue-2
and the structure of the dengue protease predicts that
D22 is available for solvent interaction, whereas E21 is
uried and contacts multiple other N-terminal residues
H. M. Murthy, unpublished data). Charge neutralization
f residue D22 would be expected to have a negative
ffect on complex formation if this exposed residue is
ctually involved in interactions with NS2B. Based on the
esults presented here and the available data for the
engue-2 protease, we propose that charge clusters
ithin the amino terminus of NS3, in addition to their
ocal effects, could interact with NS2B. This may be
equired to facilitate engagement of the putative hydro-
hobic cofactor peptide by NS3 or, alternatively, to sta-
ilize such an association, as proposed for the HCV
S3–NS4A interaction, as well as the dengue-2 NS2B–
S3 protease. At present, this model remains specula-
ive, as there is insufficient structural data to identify or
onfirm the site of interaction within NS2B, and direct
xperimental evidence for the role of the hydrophobic
eptide is also lacking.
An alternative function for the ED21–22 cluster might be
direct interaction with the P1 and P2 arginine residues
f the 2B/3 cleavage site during cis cleavage. In this
regard, for the dengue-2 protease, the conserved D129
residue, which aligns with residue D189 of trypsin, was
redicted to govern substrate binding specificity involv-
ng the P1 and P2 residues of the cleavage sites. (Bazan
nd Fletterick, 1989; Gorbalenya et al., 1989). However,
utagenesis studies indicate that this is not the case,nd it was suggested that this function is provided by bome other residue(s) (Valle and Falgout, 1998; Murthy et
l., 1999). We note that substitutions of charged residues
ithin the corresponding substrate binding specificity
egions of YF NS3 (mutants 3.20 and 3.21) also did not
nhibit cleavage activity. Thus the evidence suggests that
harged residues in these regions, which are predicted
o govern binding specificity on the basis of alignment
ith the structure of trypsin, do not dramatically affect
his process. Another possibility is that the ED21–22 cluster
might interact with the P1 and P2 residues to facilitate
their removal from the substrate binding pocket following
2B/3 cleavage, a putative requirement for acquisition of
trans cleavage activity by the NS2B–NS3 protease. Al-
though experiments are in progress to test these hypoth-
eses, they do not seem likely if the position of ED21–22 in
F NS3 is analogous to the equivalent conserved resi-
ues in dengue NS3. According to the structural model,
his cluster lies at a distance of greater than 30 Å from
he side chain positions of the P1 and P2 substrate
esidues, and major conformational shifts would be re-
uired to bring these two regions into contact during or
fter 2B/3 cleavage (H. M. Murthy, unpublished data).
etermination of the binary complex structure of NS3
ith NS2B is needed to resolve these questions.
Substitution at residue H47 in NS3 caused severe im-
pairment of protease activity toward all nonstructural
cleavage sites tested, although some cleavage of the
2B/3 site in the sig2A–5356 polyprotein was observed. The
ffects of this mutation are likely to result from disruption
f the function of the serine protease catalytic triad. In
he structural model of dengue-2 protease H47 is part of
he B1 strand which precedes the short helix (Ha) carry-
ng H51. Its side chain makes contacts with several res-
dues that are adjacent to both H51 and D75 and helps to
keep both oriented for catalysis (Murthy et al., 1999).
herefore, mutation at the H47 residue would not be likely
o cause direct effects on the association of NS2B and
S3.
Previous studies on the NS2B protein have shown that
he hydrophobic regions which flank the conserved do-
ain are required for the NS2B–NS3 protease to function
n the presence of membranes (Clum et al., 1997). It is
resumed that these regions determine the proper phys-
cal association of NS2B with membranes, perhaps by
cting as internal signal sequences to direct insertion of
he protein into membranes of the endoplasmic reticu-
um. It has been suggested that one function of NS2B is
o localize NS3 to intracellular membranes. For instance,
n cells infected with the Kunjin virus, NS2B and NS3
ave been identified by immunocytochemical methods
ithin specific virus-induced membrane structures (i.e.,
onvoluted membranes and paracrystalline mem-
ranes), where processing of the viral polyprotein is
roposed to occur (Westaway et al., 1997, 1999). Based
n these previous findings, elimination of the hydropho-
ic regions of YF NS2B would be expected to have
vb
v
a
M
s
p
p
e
o
a
c
A
p
t
3
a
i
w
m
d
D
i
M
t
K
r
p
a
m
e
N
p
s
t
t
5
j
s
q
p
T
345YELLOW FEVER VIRUS PROTEASE MUTAGENESISadverse effects on the association of the NS2B and NS3
proteins with membranes. The failure of YF NS2B pro-
teins lacking the hydrophobic regions to serve as effi-
cient cofactors for NS3 (Fig. 6) is consistent with data
from the dengue-2 study (Clum et al., 1997). The obser-
ation that the NS2B–3181–GFP but not the NS3181–GFP
protease is efficiently targeted to membrane structures is
also consistent with the involvement of hydrophobic re-
gions of NS2B in membrane association of the protease
complex. However, it still remains possible that folding of
the NS3181–GFP polyprotein occurs in a manner which
prevents interactions between NS3 and membranes,
which might occur independently of NS2B.
Ultrastructural and immunocytochemical studies
with the Kunjin virus suggest that some of the mem-
branes which contain NS2B and NS3 originate from
the rough ER. Our experiments support this hypothe-
sis, since the NS2B–3181–GFP protease accumulates in
vesicular structures which are labeled with rhoda-
mine-6-G, a fluorescent probe with specificity for en-
doplasmic reticulum. We cannot exclude the possibil-
ity that alteration of the structure of the protease
caused by attachment to GFP accounts for its proper-
ties in transfected cells, yet the data are consistent
with a role for the NS2B protein in membrane local-
ization of NS3. At present, the mechanisms involved in
the generation of the membrane structures which har-
bor NS2B and NS3 remain unknown, and understand-
ing of the functional role of such structures in viral
replication is limited (Westaway et al., 1997). Further
studies on the NS2B–NS3 protease, as well as the
hydrophobic NS2A and NS4A proteins, which are also
membrane-associated (Mackenzie et al., 1998), are
needed to understand the relationships among mem-
brane reorganization, polyprotein processing, and as-
sembly of viral RNA replication complexes.
MATERIALS AND METHODS
Cells and viruses
SW-13 cells were originally obtained from ATCC and
grown in a-minimal essential medium plus 10% fetal
ovine serum, penicillin, and streptomycin. Recombinant
accinia virus expressing T7 RNA polymerase was used
s described previously (Chambers et al., 1991). 35[S]Me-
thionine YF proteins were prepared from YF5.2iv-infected
SW-13 cells by immunoprecipitation with region-specific
polyclonal antisera as previously described (Chambers
et al., 1990a).
Plasmid constructions
Charged-to-alanine mutations were engineered in a
pET/Bluescript KS(1) plasmid [pET/BS] (Chambers et al.,
1990b) containing the yellow fever NS2B–NS3181 region.utations were constructed by site-directed mutagene- cis using the Kunkel method (Kunkel, 1985) as described
reviously (Chambers et al., 1990b), except that T7 DNA
olymerase (New England Biolabs) was used for primer
xtension of the mutagenic oligonucleotide. Oligonucle-
tides (Gibco/BRL) were designed to target between one
nd three charged residues within the polyprotein using
onsecutive intervals of approximately four amino acids.
ll engineered mutations were initially identified by the
resence of new restriction enzyme sites or by nucleo-
ide sequencing, and the entire sequence of the NS2B–
181 region of the plasmid was then verified by nucleotide
sequence analysis for each mutant construction. Plas-
mids containing deletions of the amino terminus of the
NS3 protein were engineered by PCR using oligonucle-
otide primers containing an NcoI site adjacent to the
start site within NS3 as 59 primers and a 39 primer
corresponding to nucleotides 1114 to 1129 in pET/BS–
NS2B–3181 downstream of the protease reading frame. In
all cases it was necessary to include an extra methio-
nine residue and, in one case, an extra alanine residue,
to preserve the 59 NcoI site. PCR products were cloned
into pET/BS(1)–NS3181 using NcoI (59 terminus of NS2B)
nd SacI (YF nucleotide 4334) restriction sites, and the
ntegrity of the reading frame for the deletion mutants
as verified by nucleotide sequence analysis. Deletion
utants which remove the amino, carboxy, or both hy-
rophobic domains of NS2B were engineered by PCR.
eletion of the N-terminal domain was done by position-
ng a start codon at NS2B amino acid residue 44 (Val443
et), just preceeding the conserved domain, and dele-
ion of the C-terminal domain was done by positioning a
pnI site immediately following the codon for amino acid
esidue 92 in NS2B. The PCR products were cloned into
cDNA3.1 (Invitrogen) and contained C-terminal c-myc
nd polyhistidine sequences to facilitate detection of the
utant proteins by immunoprecipitation. In additional
xperiments these epitope tags were eliminated from the
S2B deletion mutants by exchanging them into
cDNA3.1 version B. NS2B–3181 and mutant constructs
containing the green fluorescent protein immediately
downstream of the protease domain were constructed in
the pcDNA3.1 plasmid. The GFP coding sequence was
retrieved from pSINrep19GFP (obtained from Dr. Charles
Rice) by PCR and engineered using NcoI and KpnI re-
triction sites into pcDNA3.1. Mutants lacking the first
ransmembrane region of NS2B or this region as well as
he conserved domain were constructed using PCR. The
9 primers incorporating an NcoI site were used in con-
unction with 39 primers targeting the pET/BS vector
equence beyond the end of the protease coding se-
uence to produce PCR products which were cloned into
ET/BS–NS2B–3181 using NcoI and SacI restriction sites.
he integrity of PCR-derived clones was verified by nu-
leotide sequence analysis.
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346 DROLL, MURTHY, AND CHAMBERSCell-free translation and analysis of cleavage
products
The 59 capped RNA transcripts were synthesized from
linearized pET/BS templates using T7 RNA polymerase
(Epicenter) and 7methyl G cap analog (New England Bio-
labs). RNA yields were quantitated by incorporation of trace
quantities of 3[H]UTP (Amersham). Translation was carried
ut essentially as described previously (Chambers et al.,
990b). Rabbit reticulocyte lysate was incubated with ap-
roximately 200 ng of RNA in the presence of 35[S]methi-
nine (Amersham) or 3[H]leucine for 1 h at 30°C. Immuno-
recipitation of the precursor NS2B–3181 polyprotein and its
NS2B and NS3 cleavage products using specific antisera
for these proteins was done as described previously
(Chambers et al., 1990b, 1993). Proteins were analyzed on
SDS–PAGE and visualized by fluorography and exposure of
phosphorimager screens (Molecular Dynamics). Cleavage
efficiency was quantitatively determined by phosphorim-
ager scanning of the immunoprecipitated cleavage prod-
ucts after SDS–PAGE and calculating the percentage of
radioactivity in the cleavage products (NS2B plus NS3181) as
fraction of the total radioactivity in cleavage products plus
recursor (NS2B–3181) using ImageQuant analysis software
Molecular Dynamics).
ransient expression of sig2A–5356 polyproteins
The cleavage activities of viral sig2A–5356 polyproteins
sing recombinant vaccinia virus expressing T7 RNA
olymerase were analyzed as described previously
Chambers et al., 1991). Transfection of SW-13 cells using
esium–chloride-banded DNA preparations in the pres-
nce of Lipofectin (Gibco/BRL) was done for all these
xperiments. The mutant pET/BS–sig2A–5356 polypro-
teins were constructed by exchanging a 770-base-pair
SacI fragment (YF nucleotides 4343 to 5099) from pET/
BS–NS2B–3181 for mutations 2.4, 2.5, 3.6, 3.61, 3.62, and
3.8. Mutation 2.45 was introduced by initially incorporat-
ing a PvuII fragment of the pET/BS–sig2A–5356 plasmid
containing YF nucleotides 2381 to 4215) into pET/BS–
S2B–3181 and then exchanging a 947-base-pair XbaI/
indIII fragment. Expression of a truncated NS3–4–5
olyprotein (NS3540–NS5356) for analysis of trans cleavage
t the 4A/2K and 4B/5 cleavage sites was done as
escribed previously (Chambers et al., 1991). The ex-
pressed polyproteins and cleavage products were ana-
lyzed after immunoprecipitation and SDS–PAGE electro-
phoresis as described above.
Immunofluorescence studies
GFP-expressing NS2B–3181 and NS3181 protease con-
tructs were transfected into SW-13 cells using lipofection
nd analyzed for green fluorescence using a Nikon TE-300
nverted microscope equipped with epifluorescence illumi-
ation, a DAPI/FITC/Texas red fluorescence cube, and aPOT camera (Diagnostic Instruments) with software for
igital image capture. Fluorescent stains (rhodamine-6-G,
oechst 33258, neutral red, and rhodamine 123), were
btained from Molecular Probes (Eugene, OR) and used as
ecommended by the manufacturer.
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